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Chapter 1
Introduction

Circular arc helical gears were proposed by Wildhaber and Novikov. However, there is a significant difference
between the ideas proposed by the previously mentioned inventors. Wildhaber’s idea (ref. 1) is based on generation
of the pinion and gear by the same imaginary rack-cutter that provides conjugate gear tooth surfaceslthat are in
contact at every instant. Novikov (ref. 2) proposed the application of two mismatched imaginary rack-cutters that
provide conjugated gear tooth surfaces that are in point contact at every instant. This allowed us to overcome the
restriction caused by the relation between the curvatures of surfaces that are in line contact and to obtain a small
value of the relative normal curvature of the contacting surfaces. Novikov’'s approach enables us to reduce the con-
tact stresses.

The weak point of Novikov’s idea was the high value of bending stresses caused by the instantaneous point
contact of gear tooth surfaces. This disadvantage could be overcome by the development of double circular-arc heli-
cal gears with two zones of meshing. The geometry of Novikov helical gears was considered in references 3 to 8.

The content of this report covers the following main topics:

(1) The geometry of double circular-arc helical pinion and gear applied in external and internal gear drives
(2) New methods for generation of the aforementioned gear drives with a low level of transmission errors
(3) Methods of grinding of double circular-arc pinion and gear

(4) Computerized simulation of meshing and contact of the previously discussed gear drives

Computer programs for numerical computation were developed for all stages of investigation. The results of
computation confirm that the transmission errors of Novikov’s helical gears are impermissibly high and the function
of transmission errors is a discontinuous one. The results of computation confirm as well that the proposed modifi-
cation of surfaces and methods for generation allows us to reduce the level of transmission errors in two times and
substitute the discontinuous function of transmission errors by the continuous one of a parabolic type.
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Chapter 2
Basic Principles of Generation of Double

Circular-Arc Helical Gears

2.1 Generation of External Gears

2.1.1 Principle of Generation
The imaginary process for external gear generation is based on the following ideas:

(1) Two imaginary rack-cutters with cylindrical surfaggsandZ are rigidly connected each to other as
shown in figure 1(a). Surfacés andZ are in tangency along two straight linas; a andb —b.

(2) The rack-cutters perform translational motion with veloeityhile the pinion and gear being generated
perform rotational motions about their axg,andO,, with angular velocitiesd?) andawl? (fig. 1(b)). The axodes
of the gears are cylinders of radjiandr,, wherer; = vl (i = 1, 2). Both rack-cutters have the same axode, that
is, plane Il (fig. 1(a)).

(3) The rack-cutter surfacg, generates the pinion tooth surfageonly, and the rack-cutter surfakge gener-
ates only the gear tooth surface Surfacex, is the envelope to the family of rack-cutter surfaGeshat are repre-
sented in coordinate systesp Similarly, surface, is the envelope to the family of rack-cutter surfatethat are
represented in coordinate syst&m

(4) We may consider four surface$;( 24, 2 andz,) that are in mesh simultaneously. Surfatesndz, are
in contact along two lines at every instant. Similarly, surfagesndZ, are in contact at two lines at every instant
as well.

(@) (b)

Figure 1.—Axodes and generating surfaces. (a) Rack-cutter surfaces and axode plane. (b) Cross sections
of gear axodes.
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Figure 2(a) shows two families of contact Iirn@1 andL(Ft})1 (the upper and the lower ones) on the rack-cutter
surfacez, that exist when surfacg, generates surfacg. Linesa —a andb —b are the lines of tangency of rack-
cutter surface&, andz. Obviously, contact Iin<—:-B(Fé})1 andL(gi intersect lines—a andb —b, respectively. Simi-
larly, we may represent two families of contact Iih% andL(IE% on rack-cutter surfacg (fig. 2(b)).

Considering the meshing of generated gear tooth surfacasdz,, we recognize immediately that these sur-
faces are in point contact at every instant. There are two contact points at every instant, the upper and lower points
of contact in an ideal gear train. The instantaneous upper point of confaaraf,, M@, is the point of intersec-
tion of L(;‘)l with a—a (fig. 3(a)). The lower instantaneous point of contacd,0indz,, M®), is the point of inter-
section oﬂ_(lg)1 with b—b. Obviously,M® may be considered as well as the instantaneous point of intersection of

L("")2 with a—a (fig. 3(b)); M®) is the instantaneous point of intersectioh &} with b —b.

The path of contact on surfagg(i = 1, 2) is the set of points &f whereZ, andz, contact each other. Such a
path of contact is a helix, and the contact point moves in the process of meshing along thehélig.@). There
are two paths of contact on surfagethe upper and the lower ones.

Theline of actionis the set of contact points in the fixed coordinate system rigidly connected to the housing of
the train. The line of action is a straight line that is parallel to the gear axes. There are two lines of action, the upper
and the lower ones.

(b) (b)

Figure 2.—Contact lines on generating surface. Figure 3.—Paths of contact and contact ellipses on
(a) Rack-cutter P. (b) Rack-cutter F. pinion-gear tooth surfaces. (a) On pinion tooth
surface. (b) On gear tooth surface.
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2.1.2 Geometry of Rack-Cutter
Normal Section of Rack-Cutter

The normal sections of the rack-cutters are represented in figure 4. The profile of the basic tooth of the rack-
cutter in the normal section is symmetric abggithe next tooth can be obtained by the displacement on the circular

pitch p,, of the basic tooth along axig. Each side of the basic tooth in the normal section consists of three circular
arcs. The circular arcs of rack-cuteare represented $§P> by the equations

x{") = pp cos6p + XOPE

Y& = Pp SinBp + Yop [0 (21.1)
2P =0 L
a O

Here,pp is the radius of circular arcx ., y,p) are the arc center coordinatég;is the variable parameter (subscript
P =a,f,g) (fig. 4). Circular arce andf generate the working surfaces of the pinion, @gdnerates the fillet surface.

The mating rack-cuttdf has the same three circular arcs as those of the rack#tittatr can be represented in
coordinate systerﬁéF) by using the following equations of coordinate transformation:

Xg:) - _Xgp) +%D

O
F-_y» H
Ya ' = Ya O (2.1.2)
O
ZP =0 E
wherep,, = m.
The general description ESQ) of all circular arcs for both rack-cutters is as follows:
x1 = p, cos6, + xotg
y = p sinG; +yg O (2.1.3)
zgp) =0 E
wheret = F,P.
(F)
V3 Ya
A A
Pg
%\ Pr
O | Oa «(P) - x P
ea ! a - a

K |

-——— pn/2 H‘

(@) (b)

Figure 4.—Derivation of normal section of rack-cutters. (a) Rack-cutter P. (b) Rack-cutter F.
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Tooth Surface of Rack-Cutter

We consider that the normsgctionof the tooth of the rack-cutter is represented in coordinate sygtbyn
equations (2.1.3). Our next goal is to represenstinfaceof the rack-cutter tooth in the three-dimensional space
defined by coordinate systef(fig. 5). The derivations of such a surface are based on the following considerations:

(1) Coordinate systerﬁg) with the normal section of the rack-cutter performs a translational motion along the
straight lineQm (fig. 5).
(2) Straight lineQm is located in plane Il that is tangent to the gear axodes and formsBamighethez-axis

that is parallel to the gear axis.
(3) The current location of the origmg) in coordinate syster§ is determined by the variable parameter

U, = ‘O[Og)

(4) The surface of the rack-cutter tooth is determineg| lny the matrix equation

fp = Migr{9 (2.1.4)
where (fig. 5)
osB 0 -sinf -y sinBOd
0 0
0 1 0 0
=0, O (2.1.5)
EnB 0 cosB uycosBU
Ho o o 1 B

After derivations we obtain the following equations of the rack-cutter surfaces:
Pt COSB; + Xqr ) COSB — Uy sinﬁg
r(6w) =g P SING; + Yot 0 (2.1.6)
Hpo: cos; + x4t )sin B+, cos BH

wheret = F,P and the surface parameters arandé,.

Yt

-------- res Xt

(t)
m Z X a

Figure 5.—Derivation of rack-cutter surface.
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Normal to Rack-Cutter Surface

The unit normal to the rack-cutter surface is represented as

N _ O O

n=—: N 217
t |Nt| t d@t th ( )
Thus
[¢o0s6, cos B0
n=p sné (2.1.8)
Feos6; sin BH

Equations (2.1.6) and (2.1.8) must be derived four times to represent the upper and lower parts of the working
surfaces of two rack-cutters that generate the pinion and the gear, respectively.
2.1.3 Equation of Meshing Between Rack-Cutter and Gear Surfaces
Applied Coordinate Systems

Movable coordinate systenSs S;, andS, are rigidly connected to the tool (the rack-cutter), the pinion, and the
gear, respectively. A fixed coordinate systgfis rigidly connected to the frame of the cutting machine (fig. 6).

Equation of Meshing

The equation of meshing between surfacé = F, P) of the rack-cutter and the gear tooth surgce = 1, 2)
must be represented as

f(u.6.9)=0 (2.1.9)

whereq is the angle of rotation of the gear in the process for generation. The derivation is based on the theorem that
the common normal tg, and; must pass through the instantaneous axis of rotation. Thus, we have

X=X _%-%_4~-%

(2.1.10)
Nyt Nyt Nyt
Here (fig. 6)
X =5 =nq E
Y, =0 O (21.13)
o<z <l H
wheret = P whilei = 1, andt = F whilei = 2.
Equations (2.1.10), (2.1.11), (2.1.6), and (2.1.8) yield
f(u. 6, @) = (@ + U Sin B — Xor COSP)SiNG; + yo COSH; cOSB =0 (2.1.12)
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(@

(@

(b)

Figure 6.—Derivation of coordinate transformation. (a) For pinion generation.
(b) For gear generation.

2.2 Geometry of External Gears
Geometry of Gear Tooth Surfacex,
The generated surfagg (the gear tooth surface) is represented by the family of lines of contact between the

rack-cutter surface and the surface of the gear being generated. Analytically, Byisaepresented i8, (fig. 6)
by the equations

ro(ug. 0. @) = MopMpere,  f(up,6F,9,)=0 (2.2.2)
Here
gcosg, sing, 0 0Q
O o O
=-Sin cos 00
My, =0 o1 %2 C05¢2 O (2.2.2)
g o 0 1 00
H o o o0 1f

NASA CR-4771 8



%00—@4}2%

10r2

M - = g 223

™Tm o1 00 (223
H oo 1H

Equations (2.2.1) represent surfacan three-parameter form but the parameters are related by the equation of
meshing (2.1.12). If we take into account thats a linear parameter in the equation of meshing, it can be elimi-
nated and surface, can be represented in two-parameter form, in terms of pararfetansi@,. Thus,

Xo = ApSing, + Bzcosqazg
Yo = Ao cos@, —Bysing, [ (2.2.9)
Z = (E2 = D2§02)tanﬁ E

Here

Ao = PrSINBE +YoF *13 0

B, = (0 SiN6E + Yor Cot O ) cosB E

D, =1, cot? B E (225
|
0

X
E, = pg cos@g cosf + _LFﬁcot[B ~ Yor COt B¢ cosfBcot? B
sin

The unit normal to the gear tooth surface is
[cosOg cosfcosg, +SiNBsing, [
No(6k. 9) = Lom(® ) Ligne (65 ) = E— cos@g cosBsing, +sin6g COS(pZE (2.2.6)
H cosO sinf H

where

Ocosey, sing, 0O

Lom(®) = E—sin(pz cosg, OE (2.2.7)
g 0 0 1f
O 0 0O
Leg =0 1 OF (2.2.8)
B 0 1f

andng(6) is represented by equation (2.1.8).

NASA CR-4771 9



Geometry of Pinion Tooth SurfaceZ,

Surfacez, is generated by rack-cutter tooth surfageand is represented 8) (fig. 6) as follows:

rl(Up,ep,qo_L) = MlmMmprp, f(Up,ep,(QL) =0 (229)

Here

g:osqal -sing 0 (r+ry)sing E
v _in@ cos¢ 0 ~(r+12)cos@ g (2.2.10)
0 0
g0 0 O 1 g
@1 0 0 —n@n
0
10 r2
M =§) 0 2.2.11
"Tm o1 00O ( )
oo 1

After elimination of the variablep, we represerii, in terms off, andg by the following equations:

X1 =—Aysing, + By cosg U
y1 = Acosg +Bising E (2.2.12)
z2=(E-D@)enf  H

Here

A =ppSinbp +yop — 1y O

By = (op CoSBp + Yop COL Bp) cos B E

D1 =n COt2 B O (2.2.13)
0
[l
0

X
E, = pp cosBp cosf + %cot B - Yop COt Bp cosBcot? B
sin
The unit normal to the pinion tooth surface is
[€osOp cosBcos@ —sinBp sing 0

No(6p. @) = Lim(@)L mpnp(6p) = g:osep cosBsing +sinfp cosrplg (2.2.14)
H cosfp sinf H

where
[cosy, -sing 00O

le((pl):%in(pl cos@, OS (2.2.15)
g0 0 1f

NASA CR—-4771 10



Figure 7.—Transverse section of external gear drive.

o

0 0 o
Lep=(0 1 0F (2.2.16)
M 0 1

(=Y

andnp(6p) is represented by equation (2.1.8).
Figure 7 shows the external gear drive in the transverse section. The gear is a right-hand helical gear, and the

pinion is a left-hand helical gear.

2.3 Generation of Internal Gears

An internal gear drive of double circular-arc helical gears is composed of an internal gear and an external pin-
ion. The generation of the internal gear tooth surface is based on the following considerations:

(1) The generation of the external gear is performed by an imaginary rackfctittdris shown as figure 8(a).
The process of the external gear generation has been mentioned in Section 2.1.

Rack-cutter F -

(b)

Figure 8.—Double circular-arc internal gear. (a) Generation performed by imaginary rack-cutter F. (b) Tooth
surface of internal gear.

NASA CR-4771 11



(2) The gear tooth surface generated by rack-chtierepresented by equations (2.2.4) and (2.2.5).
(3) We consider the gear tooth surface represented by equation (2.2.4) as the tooth surface of an internal gear

(fig. 8(b)).
(4) Such a gear tooth surface of the internal gear can be generated by a disk;¢sg@iSection 4).

2.4 Geometry of Internal Gears

Imaginary Rack-Cutters

In the derivation of tooth surface equations for an internal gear drive, we still use the imaginary rack;cutters
(t=F, P) represented by equations (2.1.6) and (2.1.8).

Applied Coordinate Systems

Movable coordinate systens, S, andS, are rigidly connected to the tool (the rack-cutter), the pinion, and the
gear, respectively. A fixed coordinate systgyis rigidly connected to the frame of the cutting machine (fig. 9).
The original poin©,, of the coordinate syste8), coincides withO, in the process of derivation of the gear tooth
surface and coincides wi, in the derivation of the pinion tooth surface.

Equation of Meshing

The equation of meshing between surfacé = F, P) of rack-cutter and the internal gear (external pinion)
tooth surface; (i = 1,2) is represented as equation (2.1.12).

Equations of Gear (Pinion) Tooth Surface
The generated surfaée (the pinion or the gear surface) is represented by the family of lines of contact between
the rack-cutter surface and the surface of the pinion (gear) being generated. Both the pinion and the gear are the

same hand helical gears since the gear is an internal gear. The toothXugéawated by the rack-cutter tooth
surfacez, can be represented in respective coordinate sy§tém 1,2) by the following equations (fig. 9):

(U, 6.4) = MinM ety (. 6), F(u,6,.08) =0 (24.1)

The unit normal to the tooth surface is represented as follows:

ni(6:. @) = LimLme (6;) (2.4.2)
Here,i=1whent=P,i =2 whent=F, and
Ocosg sng O 0O
Og O
=sin cos 00
Mj, = U a @ O (2.4.3)
oo 0 1 00
H o o o 1f

1 00 -sO

M 9106 (2.4.4)

MTm o1 0O o
oo 1H

NASA CR—-4771 12



Yt Ym

Si

Xt
X1

2 g X2

r1

r2

Figure 9.—Derivation of coordinate transformation.

Ocosg sing 00O
Lim = B—singq cos@ Og (24.5)
g 0 0 1

1 0 o
L =0 1 07 (2.4.6)
B 0 1F

Equations (2.4.1) represent surfacen three-parameter form but the parameters are related by the equation of
meshing. If it is taken into account thats a linear parameter in the equation of meshing, it can be eliminated and
surface; can be represented in two-parameter form by parantétegs Equations (2.4.1), (2.4.3), (2.4.4), (2.1.6),
and (2.1.12) yield

X =Asing +B cosg U

y; = A cosg — B sing 0 (24.7)
z=(E-Dg)anp {

NASA CR—4771 13



Here

A = ppsind +yg O

B = (pt cosb; + Yy cot Qt)cos,B g

Di =1 COt2 B 0 (248)
ot B E

E = p; cos6; cosf + L =Ygt COt 6; cos B cot? B
sinp 0

Equations (2.4.2), (2.4.5), (2.4.6), and (2.1.8) yield

Ocos6; cosBcosg +sing,sing O
ni(6.q)= B— cos6, cosBsing +siné; cosqg (2.4.9)
H cosé; sin B H

Figure 10 shows the internal gear drive in the transverse section.

Figure 10.—Transverse section of internal gear drive.

NASA CR-4771 14



Chapter 3
Computerized Simulation of Meshing for
Double Circular-Arc Helical Gears

3.1 Computerized Simulation of Meshing and Contact

Computerized simulation of meshing is applied to discover the influence of misalignment on the shift of the
bearing contact and transmission errors. The misalignment of the gear drive is simulated by the errors of installation

and orientation of gear 2 with respect to pinion 1.

Applied Coordinate Systems
Coordinate systents;, S,, and$ are rigidly connected to the pinion, the gear, and the frame of the gear drive,

respectively. To simulate the misalignment of the gear drive, we use auxiliary coordinate %gsted%. The

location ofSp andSq with respect t& is shown in figure 11.

Xq
y2 )‘/p
1 G X2
Y1y Y2
02,0, Xp
(b)
Os &
Y Y
B p ‘q
Ayy
Yq L5
l" Z
; q
: Zq Ayy Opvoq
) Ayy
r4i Zp
()

Ofl 02

(@)
Figure 11.—Coordinate systems applied for simulation of meshing. (a) Installment
of coordinate systems Sy, S, and Sq. (b) Installment of coordinate systems Sy

and Sp,. (c) Installment of coordinate systems Sy, and S,

NASA CR-4771 15



Conditions of Continuous Tangency

We represent initially the tooth surfaces and the surface unit normals in the fixed coordinat&Ssygtm®
following equations:

rY =M (6p. @) (3.1.1)
n® =L (101 (6p. 01 (3.1.2)
12 =M M oM par2(6k. @) (3.1.3)
n® =L toL gl p2n2(6F. 02) (3.1.4)
where
gcosy; +*sny; 0 0QO
M. = %sinwi cosyy O E'E (315)
170 o 0 1 0O -
H o o o0 1f
Here

_Op+r +AE, for external gear drive

E' . :
5> — I +AE, forinternal gear drive

The upper sign in matrix (3.1.5) is for the external gear drive, and the lower sign is for the internal gear drive.

Ocosyq *siny,; 00O

Lyp=Fsiny; cosyy OF (3.1.6)
B 0 0 1f
[gosy, -—siny, 0 OO
: O
ng, cosy, 0 O
M =%‘ O 3.1
270 o 0 1 o0 L7
H o o o 1f
m o0 0 00
: O
CosA -sinA 0
Mgp=D o Yx °O (318)
0 snAy, cosAy, 0O
0 o 1f

NASA CR—-4771 16



[gosAy, 0 =-sinAy, 00
O
v o 0 1 0 o0 (319)
97 Gnay, 0 cosAy, OO -
Ho o o 1f

[cosy, -siny, 00O

Lp2 = %nwz cosy, Og (3.1.10)
g 0 0 1f
1 o 0 O
Lop=(0 cosby, -sinly,p (3.1.11)
ap X x[J o

B sinAy, cosAy, H

%osAyy 0 —sinAyyB
Lig =0 0 1 0 (31.12)
HinAy, 0 cosAyy H

The gear tooth surfaces are in continuous tangency that is described by the following equations:
rlgl) = (epqul_v wl) = r§2) = (eFv(lbawZ) (3113)

n(fl) = (QP,QL,(’UI) = n(fz) = (QF,(pz,[’Uz) (3114)

Herer () (6, @, ) is the position vector of the gear tooth surface in coordinate s@ten¥) (6, @, ) is the
unit normal to the surface.

Simulation of Meshing

Equations (3.1.13) and (3.1.14) provide a system of five independent equations in six unknowns; that is,

fi =(6p. @.U1.60r. 9. 02) =0, (i=12,..5) (3.1.15)

The surfaces are in point contact, and it is supposed that the respective Jacobian differs from zero. Thus,

D(fy, T2, fa, T4, f5)
D(6p. 0. 6¢. . 42)

z0

by assuming thag, is the input parameter.
The solution of equation system (3.1.15) by the functions

Op(w1).  @(wr)  6e(wr)  @(w1)  wolyn)

enables us to determine the real contact paths (the shift of the bearing contact) and the transmission errors

NASA CR-4771 17



N
APy (g) = wa(wq) - N_;()Ul (3.1.16)

FunctionAy,(y,) represents the errors of angular positions of gear 2. Fuddafigiy;) —Ay,(0) represents
the function of transmission erroisg,(0) :sz(w1)|w o is the position error of gear 2 ¢ = 0. The position
errorAy,(0) is the angle of so-called compensating turn of gear 2 that enables us to restore the tangency of surfaces
at the initial position whey; = 0. Because of misalignment, the gear tooth surfaces at the initial angular positions
wheny; = ¢, = 0 intersect each other or there is a backlash between the surfaces.

3.2 Numerical Examples
3.2.1 Example 1 (External Gear Drive)

The numerical computation has been performed for an external gear drive with the following design parameters:
N, = 12,N, = 94,0, = 27, P,= 10 in7%, B = 3.

Tooth Contact Analysis for Aligned Gear Drives

Contact paths on the surfaces of a single tooth are shown in figure 12. The investigation shows that two contact
points on the surface of a single tooth exist only in a small area of meshing. Two contact points of this kind are
shown as the dark ones on the paths of contact. However, if the contact ratio is two, there are two or even more than
two instantaneous contact points but they are located on the surfaces of two teeth. The ideal contact paths are helices
and callednean lines

ChangeAE of Center Distance

Consider that the center distance is changed Eem, +r,toE" =r, +r, + AE. Since the gear axes are still
parallel, the conditions of meshing are the same as those shown in figure 12. Two instantaneous contact points on a
pair of tooth surfaces exist only in a small area of meshing. But the contact paths are shifted up or down from the
mean line and are still helices. The errors of angular position of gear 2 are the followipg0J1) 29.43 arcsec
whenAE = -0.03 mm; (2)4,(0) = —23.65 arcsec whéxE = 0.03 mm. The transmission errors are equal to zero.

[eeleesS33555] 1 1 1 [ J
/ Pair
e0000c0cc00000 ) 2
b) |
m®) Gear tooth b /
mb) —
b
o (b) L L .
—42° -24° -12° 12° 24° 42°

?

Figure 12.—Sequence of contact points for aligned gear drive. (a) On gear tooth. (b) For meshing of
two pairs of teeth.
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Influence of MisalignmentAyy of Gear Axes

The gear axes of an ideal gear train are parallel and might be crossed in a misaligned gear train. The investiga-
tion of the influence of crossing anglqag, =+3 min shows

(1) There is only one instantaneous contact point of gear tooth suffpardz, if the gear axes are crossed:
(i) pointM® f Ay, is positive, andii) pointM®) if Ay is negative. Surfaces; andz, are separated at the other
theoretical contact point. The backlash bet\/\E]_etama/Z2 measured along the normal is determined as

0= (ff(l) - ff(z))° Ny (3.2.1)

The magnitude od is 0.008 mm fotAyyl = 3 min. The instantaneous contact of surfaces at two points can be
restored because of lapping or wearing of the surfaces under the load.

(2) FunctionAys,(y,) of transmission errors is a piecewise almost linear function with the frequency of a cycle
of meshing (fig. 13) for the original gear tooth surfaces. This function is interrupted at the transfer point when one
pair of teeth is changed for another one. The jump of transmission errors at the transfer point is the source of noise
and vibrations. The maximum transmission errdxd@max = 20.84 arcsec wheky, = =3 min.

(3) Because of the crossing of gear axes, an angular positiod\gg(@) appears. The value &f),(0) is
2.55 arcsec Wheﬁyy= 13 min; Ag/,(0) is 12.97 arcsec Whe.‘ny= -3 min.

Influence of Errors AA; of Lead Angle

In the case of an ideal gear drive, the directions of skew teeth of the applied rack-cutters are @guaBand
Consider now that there is an erfo. of the installment of the rack-cutter that generates the gear. Then, an error
AAg of the gear lead angle on the pitch circle will occur. The investigation of the influeAdg a3 min shows
the following results:

The instantaneous contact poinM&) if AA. is positive and(® if A is negative. The value afiy,(0) is
12.97 arcsec whedA = 3 min; Ay,(0) is 2.55 arcsec whe = —3 min. The maximum transmission error is
Ay, =20.84 arcsec whel . = £3 min.

3.2.2 Example 2 (Internal Gear Drive)

The same design parameters that were mentioned in Section 3.2.1 are applied for an internal gear drive. By the
computerized simulation of meshing and contact, we have found that the computation results of the internal gear
drive are very close to those of the external gear drive.

(1) Consider that the center distance is changed Efem, —r, toE" =r, —r, + AE. The errors of angular
position of gear 2 are)(y,(0) = —29.4476 arcsec whék = 0.03 mm; if) ),(0) = 23.6319 arcsec when
AE = -0.03 mm. The transmission errors are equal to zero.

W2 Ay
A ﬂu
2T¢N2

AllJ2max

> Py

- 2T/N{—»
(@) (b)

Figure 13.—Transmission function and transmission errors for misaligned gear drive. (a) Transmission function.
(b) Transmission errors.

\
-« 21/N1-—» ?
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(2) Because of the influence of misalignment efrgyof the shaft angle, transmission errors appear as well.
The maximum transmission erraﬁ‘fwz , Is 20.83 arcsec wheky, = 3 min and 20.85 arcsec WhAyg,— -3 min.
The value of position errofy,(0), is P 49 arcsec Whe!ky = -3 min;A,(0) is 12.94 arcsec Whem/y— -3 min.

(3) In the condition of errakA. of lead angle, the angular position errors of geangig0) is 12.86 arcsec for
AAg = 3 min; andA\y,(0) = 2.43 arcsec faiAp = =3 min. The maximum transmission erromﬂzmax— 20.84 arcsec
WhenAAF =3 min.

3.2. Example 3

The function of transmission errors in one circle of meshing is almost linear when the misalignment of crossing
angleAy, or errorAA of lead angle occurs. The maximum transmission errors for two types of gear drive with the
different gear ratios and different helix anfflaave been computed numerically, respectively.

Case 1: Influence of Gear Ratios
The design parameters are as follows:

B=276365°, a=25°, R, = 5%

Table | shows the decrease of maximum transmssmn&ql@r with the increase of the gear ratio
for two types of gear drive for msahgnmeﬁ% 3 min. Table Il shows the maximum transmission error for the
lead angle errofA..

Case 2: Influence of Helix AngleB
The design parameters and misalignment are as follows:
N; =30, N,=52, a=25° R,= 5%, Ayy =3min

Table 11l shows the decrease of maximum transmission Aangax with the increase of the helix angddor
two types of gear drives.

TABLE I.—MAXIMUM TRANSMISSION TABLE II.—MAXIMUM TRANSMISSION
ERROR WITH CHANGE OF GEAR RATIO ERROR WITH CHANGE OF GEAR RATIO
(Ay, = 3 min) (AAg = 3 min)

Number | Number | External Internal Number [ Number | External Internal
of teeth | of teeth | gear drive, | gear drive, of teeth | of teeth | gear drive, | gear drive,
of pinion,| of gear, arcsec arcsec of pinion,| of gear, arcsec arcsec

Nl NZ Nl N2

30 52 41.56 4141 30 52 4155 4155
30 60 36.02 35.91 30 60 36.01 36.01
20 70 30.87 30.82 20 70 30.86 30.86
20 84 25.72 25.69 20 84 25.72 25.72
12 94 22.98 22.96 12 94 22.98 22.98

TABLE llIl.—MAXIMUM TRANS-
MISSION ERROR WITH CHANGE
OF HELIX ANGLE

Helix angle, | External | Internal gear

B, deg gear drive, drive,
arcsec arcsec

15 81.26 80.77
20 59.81 59.52
25 46.67 46.49
27.6365 41.56 4141
30 37.69 37.56
35 3L07 30.97
40 2593 25.85
45 21.75 21.69
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Chapter 4
Generation of Double Circular-Arc Helical

Gears by Grinding Disks

4.1 Computerized Design of the Grinding Disks

For an internal gear drive, the grinding disks are designed for the external pinion and internal gear, respectively.
For the external gear drive, both of the pinion and gear are external gear tooth surfaces. The approach for the disk
design is the same for the cases of external and internal gear drives. Therefore, in this report, the procedure of the
design of the grinding disks is presented only for the internal gear drive.

Gear Tooth Surfaces

The tooth surface and surface normal of the internal gear (external pinion) have been given by equations (2.4.7)
and (2.4.9), respectively. They can be represented by the following equations in two surface patanégters (

I =T (Ui ,0i ), (I =1, 2) (411)
n; = ni(ui,Hi), (I :].,2) (412)
Equation of Meshing

The derivation of the equation of meshing is based on the following theorem (ref. 5):

The line of tangency betweEnand tool surface, is such an one at which the normalgfontersect the rota-
tion axis of the disk-shaped tool.

The common normal to gear tooth surfageé = 1,2) and tool surfaces (t = c,d) is represented by the fol-
lowing equations:

X =% (u,6) _ Y% -vi(u.6) _Z-7(u.6)
N (U, 6;) nyi (U, 6;) N (4. 6)

(4.1.3)

Here K, Y;, Z) are the coordinates 8 of the point of intersection of the normal with thexis of the tool.

Two grinding disks. . andZ ; are applied for the external piniar<1) and the internal gear< 2), respec-
tively. The grinding disk . for the pinion is located above the pitch plane (fig. 14), and the grinding gifsk gear
is located under the pitch plane since the gear is an internal one (the pitch plane is tangent to the pinion-gear pitch
cylinders).

We consider the position whé&his coincided wit§ (¢ = 0). The point of intersection of the normal with the
z-axis can be represented by the equations

NASA CR-4771 21



A
]
j )/ /

X:

(b)

Zf,Zj

Yi

Xg Os

piy

(©

Figure 14.—Coordinate system applied for disk-shape cutter. (a) Installment of coordinate
systems Ss and S;. (b) Installment of crossing angle. (c) lllustration of screw motion.
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X O 00 OcosA 0 snA 0000
, 0 0nO O 00, O
S{'D:M.tﬂo -0 9 1 0 E&Epfp (4.1.4)
z0 "“ZO El-sin}\ 0 cosA OEEZ%
O, O 0,0
0l o Mogo o0 0 1pgdg

wheret = cwhilei = 1,t=dwhilei =2,A =9C - S, and (fig. 14)

_ 1 +1ep, (for external pinion wheni =1)

4.15
2 = Tgp. (for internal gear wheni = 2) (4.15)

Equations (4.1.3) and (4.1.4) yield

ZisinA-x _ E -y _ Z;cosA -z
Nyi Ny; Nz

(4.1.6)

Using equation (4.1.6), we can elimin&ieand simplify the obtained equation of meshing by using the follow-
ing relation for a helicoid (ref. 5):

YiNg = XNy —ping =0 (4.1.7)
Herep, is the screw parameter of gear (pinion). The final expression of the equation of meshing is
f(ui,6) = (B =y + B cotA)ng — Egny cotA +zny; =0 (4.1.8)
Determination of the Profile of the Grinding Disk
Figure 15 shows the line of tangency of surfageendz; on the cutter surfacg; M is the current point of this
line with coordinatesy .y, ,z). The profile of the tool obtained by intersection of plare0 (axial section) can be

represented by coordinateg ). The computational procedure is as follows:

Step 1: Use equation of meshing (4.1.8) and cons#las the input data; then determine the respective value
Step 2: Knowing the coupley(,6), determine the coordinates, (y;, z) of the contact line from the matrix equation

re(u.6) =My M g (@ = 0)r; (u.6) (4.1.9)
Here (fig. 14)
M (y=0)=1 (4.1.10)
%COSA 0 —snA O E
i Eﬁ:}\ é coi)\ _(I)Etg (4.11))
% 0 0 © 1 %

Step 3: Determinep, using the equation
0.5
pr(u,6) = (2 + v) (4.1.12)
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Figure 15.—Derivation of disk-shaped tool profile. (a) Contact line on tool surface. (b) Coordinates p; and z;
of contact point. (c) Coordinates x; and y; of contact point.
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Figure 16.—Axial profile of grinding disk . Figure 17.—Axial profile of grinding disk Zg.

Step 4: Consideringg, as the input parameter and using equations (4.1.9) to (4.1.12), we can determine the tooth
profile by the following equations in the axial section of disk:

yi=p(u.6) z=z(u.6) f(u.6)=0 (4113

Figures 16 and 17 show the profiles of grinding disks (axial section) for external pinion and internal gear, respec-

tively.
4.2 Generation of Gear (Pinion) Tooth Surfac&, by Grinding Disk Z,

Surface of Grinding Disk

The surface of grinding disk is a surface of revolution. The axial section is a planar aurve that has been
represented in equation (4.1.13). Now it is represented in an auxiliary coordinate Syatefollows (fig. 18):

Xa=0, Ya=p(u) za=7u) (4.2.2)

wherey, is the variable parameter that determines the location of a current point of the planar-€uatve
The disk surfacg, is performed while coordinate systé@qwith the planar curve is rotated about zhexis

(fig. 18). Surface, is represented i§ by the following equation:

fcosf, sin6, 0 0O (u)sin6; E
O o O
(4.6 = C sin@, cosf, O Op _ P(u) cos, 4.22)
’ 00 0 100% O zu) O
a O | |
oo 0 0 1p g 1 8

The surface normal is representediby the following equation:

NASA CR-4771 25



|
|

ol Yt X4
I Ya

0.
| t Xt
|
a
\l 202
@ a (b) Oa Ot

Figure 18.—Disk-shped tool surface generated by planar curve. (a) Tool axial section.
(b) Applied coordinate systems.

U oz . U
P—siné; O
o o . %zjt .
N, =—txZbl= %)—coset O (4.2.3
a 06, Toy O
O o O
0 -p— 0O
B o B
The unit normal to the disk surface is
ng = Ne. (4.2.4)
Nl
Equation of Meshing
The equation of meshing is represented as
nee vi® = f(y,6,)=0 (4.25)

The gear (pinion) performs a screw motion with the angular velafitand the translational velocipyw ()
(fig. 14(c)). The relative velocityt(“) is determined by the equation

Vgti) - v§t) _ Vgi) — —v§i) (4.2.6)

Since the milling cutter is held at rest, veol.fi)r can be represented by the following equation:
) = (o) 1)+ [Re ) @2
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Here (fig. 14(a))

Rt =00 =-Eij;

(4.2.8)

wherer, andE, are represented by equations (4.2.2) and (4.1.5), respectively. Taking into accaprmt Ghave

have

FsinAQd

=Lyl =0 o =05 0

HcosA H

After transformations, we obtain

O-(E; +y;)cosA - psinA0
v{®) = —w(')g X COSA +zSinA
H-(E; +y;)sinA + p cosAH

There is a relation for a surface of revolution whose axis of rotation zsdlxes
thyt - ytnxt = O

The final expression for the equation of meshing is

f(u,6;) = (Er cosA + py inA)ng — Ny sinA +[(Et +y;)sinA - p cosA|ng =0

Generated Surface

Tooth surface; is represented i§ by the following equations:

ri(utiet’wi): MisM ftrt(utiet)' f(ut,at):o

where (fig. 14)

cosA 0 snA 0[O
50 1 0 Ef
"GsnA 0 cosA 0O
Ho o o 17
[(cosy; siny; O 0 QO
O i . O
Mistmw, cosy; O 0 0
0o 0 1 -pyO
H o o o 1f

(4.2.9)

(4.2.10)

(4.2.12)

(4.2.12)

(4.2.13)

(4.2.14)

(4.2.15)

Equations (4.2.13) represent the generated surface in terms of three paramefierg:)( but (, 6,) are

related with the equation of meshing (4.2.12).
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Chapter 5
Generation of Gear Drive With Low

Transmission Errors by Application
of Imaginary Rack-Cutters

5.1 Basic Principle

It was shown in Section 3 that errors of alignment cause a discontinuous almost linear function of transmission
errors. The maximal transmission error can reach the value of 40 arcsec that is totally impermissible. Our goals are
to change the shape of the function of transmission errors (to obtain it as a parabolic function) and to reduce the
level of maximal transmission function. These goals, as it will be shown below, will be achieved if fgnpipis
generated as the sum of the theoretical linear function and a predesigned parabolic function. The predesigned para-
bolic function is able to absorb the almost linear function of transmission errors caused by misalignment. The
predesigned parabolic function of transmission errors is obtained because of the modification of the pinion tooth
surface or the modification of the gear tooth surface in the case of an external gear drive.

The generation of modified pinion tooth surface is based on application of an imaginary rackgcutteike
the case discussed in Section 2, it is necessary to provide the modified relation between the displaueraekt
cutterP and anglep, of pinion rotation (fig. 6 or 9) that is represented as follows:

sl:rzgs—;qol—awfg (513

The derivation of equation (5.1.1) is based on the following considerations:

(1) The relation between the displacengndf the rack-cutteF and anglep, of gear rotation is still linear and
represented as (figs. 6 or 9)

S =, (5.1.2)

(2) Two imaginary rack-cutters with mismatched surfages=F, P) are rigidly connected, so we have

S =% (5.1.3)

(3) The transmission function of the gear drive will be provided as

N
@ = N—lqol -agf (5.1.4)
2
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(4) The predesigned parabolic function will be obtained as

Ap, = —aq)f

5.2 Equation of Meshing

The equation of meshing is represented in coordinate sygtimack-cuttelP as

N e Vgpl) = f(ep,Up,(M_) =0

(5.1.5)

(5.2.1)

Here,n, is represented by equation (2.1.8) and the relative velcr&@ﬂj;), is derived for external and internal

gear drives, respectively.

Case 1: External Gear Drive

The external pinion in the external gear drive is a left-hand helical gear. The relative velocity between the rack-

cutterZ, and pinionz is as follows:
V(PP1) _ V(pP) _ V(F})

where (fig. 6(a))

0 DN 0 0
0ds 0 G 1-2a<01gu(1)m

O g0 O N2 0

®_ 000 0
v =00 O=0 0 0
O OGO 0

Oo O O 0

B 8 O 0 0

] ]

v = o xrp + 5507 x coff

andr, is represented by the equation (2.1.6) and (fig. 6(a))

(5.0 00 O

O 1 _ 0O O

Q0=thy =350 ;

EJE Fo® B

After transformations, we obtain
%—r AN pag i B
g 2%@ (U_LE 1 YPD
0 ON 0O
Py -, _ o

\% w0 X I a O
P g P 2%(& 4012% g
O U
O 0 O
] g
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The equation of meshing for the left-hand helical pinion is

f(up.6p. @) = Yop COSOp, COSB + (1) +Up SN B~ Xgp COSB)SiNBp — ar2(2qol cosOp cosf + @ sinep) =0 (527)

Case 2: Internal Gear Drive

The external pinion in the internal gear drive is a right-hand helical gear. The relative velocity between the rack-

cutterZ, and pinionz, is as follows:
v{PY = y(P) —y@®

where (fig. 9)

Odsio o 2a(pl
D_EDD BN_ gl)
(P) O O O
vi’=00 O=0O 0
O O 0O
Oo O O
8 B8 O 0
g

0 = off x1p + G0,

andrp, is represented by equation (2.1.6) and (fig. 9)

SlD oo QO
Qo =g «¥=q0 g
aoa @o@a

After transformations, we obtain

O

v(Pl)—w(l)D xp+r2E—(p_L acpr

0

mOoOoO.

The final expression for the equation of meshing is

0N, 0
E’rrzg— - 2a¢15+ n+ yp%

O

0
D
0
=

(5.2.8)

(5.2.9)

(5.2.10)

(5.2.11)

(5.2.12)

f(up.6p. @) = Yop COSO, COSB + (1) +Up SN B~ Xgp COSB)SiNBp + ar2(2(pl cosOp cosf - @f sinep) =0 (5.213)
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5.3 Modified Pinion Tooth Surface
The equations of pinion tooth surface are represented in the coordinate Syatem
r1(Up,Bp, @) = M1M Tt (Up. Bp),  (Up.Bp. ) =0 (53.0)
Case 1: External Gear Drive

Matrices in equation (5.3.1) are as follows (fig. 6(a)):

@os@y -sing 0 0O
: 0
ng cosg 0 O
M EF O 5.3.2
mg o 0 1 o0 (532)
Ho o o 1f
1 0 0 -s0O
0
10 -1
M %) 0 5.3.3
"D o1 0O (533
oo 10

Displacemens, in equation (5.3.3) is represented by equation (5.1.1). Equations (2.1.6) and (5.3.1) to (5.3.3)
yield

EBlcoscpl - Alsin(plg
r(6p. @)= Brsing + A cosrplg (5.3.4)
HE - D)t B

where
_ ; O
A(Bp)  =ppSinBp+Yyep -1 0
O
Bi(6p.@) =(pp cosBp + yop COtBp — 2ar,@ cot Bp ) cosB g
5 (5.35)
Di(6p.@n) = [rl —rya(2cot Bp cos B + (pl)] cot? B B
Ei(6p) = ppcosfpcosp+ Xoginﬂ ~ Yop COt Bp cos B cot? ﬁ%
t
Case 2: Internal Gear Drive
Matrices in equation (5.3.1) are as follows (fig. 9):
[cosg sing 0 0O
g 0
=-Sin cos 00
My, H a % 0 (5.3.6)
o o0 0 1 00
H o o o 1f
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O
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o O +» O
o +» O O

The displacemery; in equation (5.3.7) is represented by equation (5.1.1). Equations (2.1.6), (5.3.1), (5.3.6),
and (5.3.7) yield

8&1 sing +B; cosrplg
r1(6p. @) = A cosg - B singy O (5.3.8)
0
H{E -D)nB |
where
— ; a
A(Bp)  =ppSinBp +Yyep +1 0
0
Bi(6p. @) =(pp cosBp + yop COtBp + 2ar,g; cot Bp ) cosB g
a (5.3.9)
Di(6p. 1) = [r1 +rya(2 cot Bp cos B - (pl)] cot? B B
Ei(6p) = ppcosfpcosp+ % ~ Yop COt Bp cos B cot? ﬁ%
t

5.4 Simulation of Meshing

Equations (3.1.1) to (3.1.16) are applied to determine the bearing contact and the transmission errors. The pin-
ion tooth surface is modified, and the surface vegtan equation (3.1.1) is represented by equations (5.3.4) and
(5.3.5) or equations (5.3.8) and (5.3.9). The gear tooth surface is still a conventional one and can be generated by a
grinding diskz; (see Section 4).

The results of computation confirm that the function of transmission errors is indeed a periodic parabolic func-
tion and a continuous one (fig. 19). The level of maximal transmission error is substantially reduced (see Tables IV
and V).

The numerical results show as well that the influence of errors of alignment is almost the same in external and
internal gear drives.

Y2 Ao
1 ‘
— ldeal transmission
! function —~— Transmission
| function for
\ gears with
‘ modified
Pa(y) geometry
W1 —— ~ .
F 21Ny - Parabolic.fur}ction
of transmission
(@ (b) errors

Figure 19.—Transmission function and function of transmission errors for misaligned gear drive. (a) Trans-
mission functions for aligned and misaligned gear drives. (b) Transmission errors.

NASA CR-4771 33



NASA CR-4771

TABLE IV.—GEAR DRIVE WITH LARGE GEAR RATIO

Number of teeth of pinion, N, 12
Number of teeth of gear, N, 94
Normal pressure angle, o, deg 27
Helix angle on the gear (pinion) pitch cylinder, B, deg ....mmmmmerseeeenens 30
Diametral pitch in normal section, P, in™ 10
Parabola parameter, a 0.00053
Crossing angle, Ay,, min +3
Maximum transmission error, A ,, arcsec 8
Tooth length, L, mm 37

TABLE V.—GEARDRIVE WITH SMALL GEAR RATIO

Number of teeth of pinion, N, 30
Number of teeth of gear, N, 52
Normal pressure angle, o, deg 25
Helix angle on the gear (pinion) pitch cylinder, B, deg.......eeeeesnnn 27.6365
Diametral pitch in normal section, P, in™ 5
Parabola parameter, a 0.0075
Crossing angle, Ay,, min +3
Maximum transmission error, A y,, arcsec 18
Tooth length, L, mm 85
34



Chapter 6
Generation of Modified Pinion by Worms

6.1 Introduction

We have determined in Section 5 the modified pinion tooth surface as the envelope to the family of rack-cutter
surfaces. Our goal is to prove that the modified pinion tooth surface can be generated as well by a grinding or hob-
bing worm. The worm thread surface is the envelope to the family of rack-cutter sifageée worm and pinion
being generated perform related rotations about their axes, and the worm performs, in addition, the translational
motion in the direction of the axis of the pinion that is called the feed motion. The pinion tooth Eyigaoerated
by a worm can be determined as the envelope to the two-parameter family of worm surfaces, and this can be accom-
plished by application of the following equations:

r1 = (U O @ 1) = My = (@ 1) = (U 64) (6.1.2)
nev("%) - fy (U By B 1) = O (6.1.2)
nevO) = £ (U, B, @yl) = 0 (6.1.3)

Here, (4, 6,) are the surface parameters of worm thrggcandl are the independent parameters of motion in
the process for generatiorf"1@ s the relative velocity determined for the rotational motion of the worm Wwhen
is constanty®1!) is the relative velocity determined for the translational motion of the pinion @hisnconstant.
The two equations of meshing (6.1.2) and 6.1.3) are required for a two-parameter family of surfaces.

6.2 Determination of Worm Thread SurfaceZ,, Generated by Rack-Cutter
Surface2p

The worm surfac&,, is determined as the envelope to the family of rack-cutter suacésgure 20 shows
the installment and the velocity polygon for the case when a right-hand worm is in mesh with the ra&kgautter
erating the right-hand helical pinion. The drawings in figure 20 are represented iy, ptdhéhat is tangent to the
worm pitch cylinder, and the worm is located above the pitch plane. The crossing,giogteed by axig, andz,
is determined for the discussed case as

Yw =90°=(B-2y) (6.2.1)

Figure 21 shows the installment and the velocity polygon for the case when a right-hand worm is in mesh with
the rack-cutteP generating the left-hand helical pinion. The drawings in figure 21 are represented iy} pl@ne
that is tangent to the worm pitch cylinder, and the worm is located under the pitch plane. The crossjpg angle
formed by axig, andz, is determined for the discussed case as
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Figure 20.—Installment of worm, rack-cutter P, and velocity polygon for generation
of right-hand pinion. (a) Installment of worm and rack-cutter. (b) Velocity polygon.
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T ™ xm, Xt

(b)

Figure 21.—Installment of worm, rack-cutter P, and velocity polygon for generation
of left-hand pinion. (a) Installment of worm and rack-cutter. (b) Velocity polygon.
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Yw =90°—(B+Ay) (6.2.2)
The derivation of the worm thread surfaggfor a right-hand pinion is based on the following considerations:

(1) Movable coordinate systerf§g and$ are rigidly connected to the worm and the rack-ciRteespectively;
fixed coordinate systen® andS, are rigidly connected to the frame of the imaginary generating machine (fig. 22).

(2) The worm and the rack-cuttemperform rotational and translational motions, respectively (fig. 22). The
velocity polygon (fig. 20(b)) provides the following relation between the parameters of motion:

%: fup ?:23;; (6.2.3)

(3) The family of rack-cutter surfaces is represented in coordinate sg§gteynthe equation
rw = (Up.Op, @y) = M gM ¢ (Up, Op) (6.2.4)
N « VW) = £ (up, Bp, @) = 0 (6.2.5)

Xw

Yw,
(M (M

Yt Iod’ Ow z4, Zw

Zt

Figure 22.—Derivation of worm thread surface as conjugate to rack-
cutter P.
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where (fig. 22)

En(B-Ay) 0 -cog(B-Ay) —slsin(ﬁ—)\w)g

0 1 0 ~Twp

0 0 0 1

gcos@, sSng, 0 0O

_E—sin(a,\, cos@, O OS
de—

o o 0 1 o0

H o o o 1

Equation of Meshing

The equation of meshing is represented in the coordinate sgstam
n%j) . V%NP) = f(ep,Up,(ﬂN) =0
Here, the unit normal to the rack-cutter surface is represented as
P) _ P)
N =L yn{P =np(6p)
and the relative velocity is
) =) )

wheren; is represented by equation (2.1.8) and (fig. 22),

Ddsll] DI’ SHAW (W)D
0 ¢ O E—Wpcosﬁ B
®-2, B0 0
vin’=00 0= g 0 0
O O 0 0
Jo 2 g 0 0
8 O & g

9 = ) < + 50, <)

and

0o O [Bos(B-Ay)C
5.0, = %ng WW =3 o 5
HO H %n(ﬁ_AW)B

After transformations, we obtain
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0
%:os(ﬁ—/\w) 0 sin(B-Ay) —slcos(B—/\W)E
i

(6.2.6)

(6.2.7)

(6.2.8)

(6.2.9)

(6.2.10)

(6.2.11)

(6.2.12)

(6.2.13)



g . sinA 0
Two = Yp |SIN(B—Ay) +1, o
E ( wp YP) (8= Aw) *rup cosf B
(WP) _ (W)IIl _ sinA 0. _ _ _ O
Vi) = P~ lap cosg (ANEsn(ﬂ Aw)—2Zpcos(B /\W)B (6.2.14)
| |
0 ~(rwp — ypcos(B - Ay) 0
O ( ® ) O
The final expression for the equation of meshing is
. sinAy .
f(Up, Bp., @) = (Yop COLBp — Xop)SIN Ay, = Up COSAy, = Fyp wosf @ysin(B-Ay)=0 (6.2.15)
Worm Thread Surface
The equations of worm thread surface are represented in the coordinateSjyatem
rW(uP19P1(RN) = MWdetrt(uP16P)1 f(uPrePa(RN) =0 (6216)
The unit normal to the worm thread surface is
Nw(@v:0p) = Lgl aene (6p) (6.2.17)

Matrices in equation (6.2.16) are represented by equations (6.2.6) and (6.2.7). Matrices in equation (6.2.17) are
represented by the following equations:

Eﬁn(ﬁ—)\w) 0 —cos(ﬁ—/\w)g
.

Kos(B-A,) 0 sin(B-Ay)

Ocos@, sing@, 0O
Lwd = %—sin(g,\, Cos@, OE (6.2.19)
H o 0 1H

Equations (6.2.16) and (6.2.15) represent the worm thread surface in three-parameter form. Since equation of
meshing (6.2.15) is linear with respect to parameteandg,, we can eliminate one of them and represent the
worm surface by a vector function in terms of two parameters as

Mo = (U O) (6.2.20)

The worm thread surface generated by rack-cutter sutfatieat generates the left- or right-hand helical pin-
ions is exactly the same since the rack-cutters for both cases have the same normal section. The worms that generate
the right- and left-hand pinions are located under the pitch plane and above the pitch plane, respectively. It is easy to
verify that a worm with the same surface can be used for generation of the right- and left-hand pinions, and this
allows us to reduce the tool expenses. The normal section of the worm thread surface differs slightly from the nor-
mal section of rack-cutter tooth surface.
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6.3 Generation of Pinion Tooth Surface by Worm

Applied Coordinate Systems

Coordinate systenfty, and§ are rigidly connected to the worm and the right-hand pinion (gear) of internal
gear drive, respectively. Fixed coordinate syst8gandS, are rigidly connected to the cutting (grinding) machine
(fig. 23).

Relation Between Rotation Angles of Pinion and Worm

The worm and the pinion perform rotational motions. The pinion performs translational motion in the axial
direction as the feed motion, and this requires an additional angle of pinion rotation. The axial displackthent
pinion can be represented in two components (fig. 24): (1) along the direction of rack-cutter teeth and (2) in the
direction that is perpendicular to rotation axjs

Two cases of derivation of relations between the motion parameters must be considered.

(1) Case 1: The relation between the displaceaitthe rack-cutter and angjgof the pinion (gear) rotation
is linear. Then, the pinion (gear) rotation angle can be represented in two components as

Ye

Xw
Y
W ow O
Xe
A
104, Oy, Ze» Zw
| Yw
T Ewt
|
|
Vi | |
'\ Yn A
Vg ) i
\ — 'I "
\ -
v | P Eit
v -5
\\ | A - \
1 < X
v - - - __ y_ |1 _*n y
70n, O;
/
/
Zn, Z|

Figure 23.—Coordinate systems applied for generation
of right-hand helical gear by worm.
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Figure 24.—Determation of relation of motion for generation of helical gear
by worm.

:i—ltanB:MD —IS—nBD i =
@ I I N; rwpsin/\WH (=12 631

(2) Case 2: The gear tooth surface is a conventional one, but the pinion tooth surface is modified. Therefore, the
relation between parameters of motion of the worm and gmgiéthe gear is represented in two components as

_MﬂD _ lsnp U

6.3.2
Ny Map SINAy B ( )

(&:

(3) The transmission function with the predesigned parabolic function of transmission errors must be provided.
Thus we have

N
@ =0 (633
2
(4) Equations (6.3.2) and (6.3.3) yield
N, O Isng O ON,

_ _ o0
N_ZETA’V_ersinAWH_E@Q a(pr (634

Equation (6.3.4) represents the relation between the parameters of nggfigraqd pinion rotation angleg;
when a predesigned parabolic function of transmission errors is provided.
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Pinion Tooth Surface

The pinion tooth surfack, is generated as the envelope to the two-parameter family of worm thread surfaces.
The family of rack-cutter surfaces is representes, ias follows:

rn= (que ’(RIWI) = Mln((p.L)M ne(l)M ew((ﬂN)rw(UWaew) (6.3.5)
or
f1 = (U, O @u1) =Ny ® o"mlN =0 (6.3.6)
or
fa = (U, B 1) = My » = =0 (6:3.7)
Here (fig. 23)
[cos@, -sn@, 0 OO
- 0
ng, cosy, O O
M %' O 3.
*O o 0 1 00 (6:38)
H o o o 1f
Bsin(ﬁ—/\w) 0 cos(B-Ay) O .
m_=0 0 1 0 fwp * 110 (6.39)
ne %cos(ﬁ—}«w) 0 sn(B-4,) | .
= 0 0 0 1 E
fcos@g sng 0 0O
[ 0
—-sing, cosg O O
M, D O 3.
Ing o 0 1 o0 (6:3.10)
H o o o 1f

Equations of Meshing

Equations 6.3.5) and (6.3.8) to (6.3.10) yield

X1 =Dcosg +Csing O
y1 =-Dsing, + Ccosgy E (6.3.11)
7z =-Beog(B-Ay) +zySin(B-Ay) +1H

where

A =X, sin@, + Yy, Cos@,
B = x,, cos@,, — Y COS@,,
C=A+r +1y,

0
0
H (6.3.12)
0
D = Bsin(B - Aw) + 2y c05(B~ Ay )H
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Relative velocities can be obtained by the derivations of equation (6.3.11) and are represented as

g—Dsin(pl+Ccosqu)d—(pl—Asin(ﬁ—/\W)COS(pl+Bsin(plg
o o o .
VW) = ﬁ = %—(DCOS([JL + cgn@)ﬁ +Asin(B-A)sing, + Bcostplé (6.3.13)
O AcogB-A O
§ 18] §

=

-Dsing, +Ccos@)

(Dcos@ +Csingy)

(6.3.14)

§a|§'§a|§'
mOoooooo

v = 9
a

1

moopo

The partial derivativei@,/0¢,, anddg/dl, in equations (6.3.13) and (6.3.14) are derived from equation (6.3.4) and
are represented as

9 __ Ny (6.3.15)
0@, N;—2aN,¢
9% _ Ny SinB (6.3.16)
A (N = 2aNp@ )ryp Sin Ay
The unit normal to the pinion surface is
N1 = Link el ewNw (U 6) (6.3.17)
where (fig. 23)
[cos@, -—sing, 00O
Lm%in(ﬁ{,\, cos@, OE (6.3.18)
H o 0 1
Osin(B-Ay) 0 cos(B-A,)0
Le=g O 1 o o (6.3.19)
H-cos(B-Ay) 0 sin(B-Ay)H
Ocosgy sing 00O
Lin E— sing, cos@ OB (6.3.20)

5O 0 18

Equations (6.3.13) to (6.3.20) yield equations of meshing (6.3.6) and (6.3.7).
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Chapter 7
Directions for Users of Application of

Computer Programs

There are four programs described in this report. The programs were developed by application of the IBM Main
Frame. The operating system is CMS-9.0.

A subroutine DNEQNF of IMSL software to solve a system of nonlinear equations should be available in the
Math-Library or working environment. The subroutine is not included in the programs. Each program will call the
subroutine DNEQNF several times.

7.1 Program 1: Design of External Gear Drive

7.1.1 Name of the Program

The developed program’s name, EGDUIC.FORTRAN, is formed by six characters. The first three characters,
EGD, are the initial letters of External Gear Drive. The following three characters, UIC, mean that the program is
developed at the University of lllinois at Chicago. The program name is easy to remember before the start of
computations.

The extension name of the program is FORTRAN. It means that the program is written in standard
FORTRANT77 language.

7.1.2 Function of the Program

This program is developed to design the external helical gear drive of double circular-arc teeth. The program
includes (1) generation of helical pinion and gear of double circular-arc teeth by rack-cutters, respectively; (2) tooth
contact analysis of contact paths, contact ellipse, and parabolic transmission errors; and (3) generation of external
gear drive with low transmission errors by application of imaginary rack-cutters. The equations in the program have
been represented in Sections 3 and 5.

7.1.3 Input Data File 90

Before running the program, you should prepare the following data in data file 90:

Helix angle (fig. 5) [ (degree)
Diameteral pitch Py (1/in.)
Number of gear teeth Ng
Number of pinion teeth Np
Pressure angle (fig. 25) a (degree)
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Error of crossing angle (fig. 11) Ay, (degree)

Error of center distance AC (in.)
Error of intersection angle (fig. 11) Ay, (degree)
Error of gear leader angle AAg (degree)

Coefficient of parabolic parameter a

and profile parameters of a rack-cutter in normal section (figh25¥*, oz, pf, andAe*. Herep, = p3/ P, (or
psm).

7.1.4 Running the Program
The command for running a program in CMS system is as follows:
fortvclg EGDUIC <Enter>
When you run the program, the following information will appear on the screen:
** WELCOME TO USE EGDUIC ***
END OF READING THE INPUT DATA!
STARTING THE TOOTH CONTACT ANALYSIS!
END OF TCA FOR THE LOWER CONTACT PATH!
END OF TCA FOR THE UPPER CONTACT PATH!

PROGRAM FINISHED!

7.1.5 Output Data Files

When you finish running the program, EGDUIC, you have completed the design for the external helical gear
drive of a double circular arc. All information about the output data is listed in several data files. You can open these
files and look through them. Detailed information about these output files is given in the following sections:

Data File 09:

It includes the input information and pitch radii of gears.

Pn=TIm

< Ae

Figure 25.—USSR standard.
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Data File 41:

This is the lower contact pab(® (fig. 3) represented on the pinion tooth surface. Each line of the data file
represents coordinates, (y,, z;) of a contact point of the contact path. The coordinates are represented in pinion
coordinate syster8,. The applied unit is mm, and the forma8i22.14

Data File 42:

This is the lower contact pat(®) (fig. 3) represented on the gear tooth surface. Each line of the data file
represents coordinates,(y,, z,) of a contact point of the contact path. The coordinates are represented in gear coor-
dinate systen$,. The applied unitis mm, and the forma822.14

Data File 43:

This is the upper contact path® (fig. 3) represented on the pinion tooth surface. Each line of the data file
represents coordinates, (y,, z;) of a contact point of the contact path. The coordinates are represented in pinion
coordinate syster8,. The applied unitis mm, and the forma822.14

Data File 44:

This is the upper contact path® (fig. 3) represented on the gear tooth surface. Each line of the data file
represents coordinates,(y,, z,) of a contact point of the contact path. The coordinates are represented in gear coor-
dinate systen$,. The applied unitis mm, and the forma822.14

Data File 51:

There are two curves in this data file for representation of the cross section of a pinion tooth. Each curve is com-
posed of 30 points. Each line of the data file represents coordirgtes ¢,) of a point of the curve. The coordi-
nates are represented in pinion coordinate syS{eifhe applied unit is mm, and the formaBi22.14
Data File 52:

There are two curves in this data file for representation of the cross section of a gear tooth. Each curve is com-
posed of 30 points. Each line of the data file represents coordirgtes &) of a point of the curve. The coordi-
nates are represented in gear coordinate sySfefihe applied unit is mm, and the forma8i22.14

Data File 55:

It contains transmission errors of one meshing cycle for upper contadéi$atfig. 3). They are obtained by
tooth contact analysis (TCA). The format is as follows:

@, (degree) Aqozl (arcsec)
@, (degree) Aqo22 (arcsec)
@y (degree) Aq023 (arcsec)

@ (degree) Aqozi (arcsec)
Data File 56:

It contains transmission errors of one meshing cycle for lower contadvifitiig. 3). The format is the same
as that in data file 55.
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Data File 57:

It contains the values of major and minor axes of upper contact difseorresponding to the contact points
given in data file 43 or 44. The applied unit is mm.

Data File 58:

It contains the values of major and minor axes of lower contact eMf8eorresponding to the contact points
given in data file 41 or 42. The applied unit is mm.

Data File 71:

This file is designated for drawing of the major axes of contact ellipgBs,0n pinion tooth surface corre-
sponding to the contact points given in data file 41. Each major axis is composed of 3 points. Each line of the data
file represents coordinates(y,, ;) of a point. Each 3-line segment of the data file performs one major axis. The
coordinates are represented in pinion coordinate syStefhe applied unitis mm, and the forma8i22.14

Data File 72:

This file is designated for drawing of the major axes of contact ellipgBs,0n the gear tooth surface corre-
sponding to the contact points given in data file 42. Each major axis is composed of 3 points. Each line of the data
file represents coordinates,(ys,, z,) of a point. Each 3-line segment of the data file performs one major axis. The
coordinates are represented in gear coordinate sy&terhe applied unit is mm, and the forma8i22.14

Data File 73:

This file is designated for drawing of the major axes of contact ellipg®s,0n the pinion tooth surface corre-
sponding to the contact points given in data file 41. Each major axis is composed of 3 points. Each line of the data
file represents coordinates(y,, ;) of a point. Each 3-line segment of the data file performs one major axis.

The coordinates are represented in pinion coordinate s@téfrhe applied unit is mm, and the forma8i22.14

Data File 74:

This file is designated for drawing of the major axes of contact ellipg®s,0n the gear tooth surface corre-
sponding to the contact points given in data file 42. Each major axis is composed of 3 points. Each line of the data
file represents coordinates,(ys,, z,) of a point. Each 3-line segment of the data file performs one major axis. The
coordinates are represented in gear coordinate sy&terhe applied unit is mm, and the forma8i22.14

7.2 Program 2: Design of Internal Gear Drive

7.2.1 Name of the Program

The developed program’s name, IGDUIC.FORTRAN, is formed by six characters. The first three characters,
IGD, are the initial letters of Internal Gear Drive. The following three characters, UIC, mean that the program is
developed at the University of lllinois at Chicago. The program name is easy to remember before the start of
computations.

The extension name of the program is FORTRAN. It means that the program is written in standard
FORTRANT77 language.

7.2.2 Function of the Program

This program is developed to design the internal helical gear drive of double circular-arc teeth. The program
includes (1) generation of helical pinion and gear of double circular-arc teeth by rack-cutters, respectively (the gear
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is an internal one and pinion is an external one) and (2) tooth contact analysis of contact paths and lower transmis-
sion errors. The equations in the program have been represented in Sections 3 and 5.

7.2.3 Input Data File 90

Before running the program, you should prepare the following data in data file 90:

Helix angle [ (degree)
Diameteral pitch P4 (1/in.)
Number of gear teeth Ng

Number of pinion teeth Np

Pressure angle a (degree)
Error of crossing angle Ay, (degree)
Error of center distance AC (in.)
Error of intersection angle Ay, (degree)

Error of gear leader angle

AAg (degree)

Coefficient of parabolic parameter a

and profile parameters of a rack-cutter in normal section (figh25¥*, p3, pi*, andAe*. Herep, = p;/P,(or
pym).

7.2.4 Running the Program

The command for running a program in CMS system is as follows:

fortvclg IGDUIC <Enter>
When you run the program, the following information will appear on the screen:
** WELCOME TO USE IGDUIC ***
END OF READING THE INPUT DATA!
END OF STARTING POINT FOR UPPER CONTACT PATH!
END OF STARTING POINT FOR LOWER CONTACT PATH!
STARTING THE TOOTH CONTACT ANALYSIS!
END OF TCA!

PROGRAM FINISHED!

7.2.5 Output Data Files

When you finish running the program, IGDUIC, you have completed the design for the internal helical gear
drive of double circular arc. All information regarding the output data is listed in several data files. You can open
these files and look through them. Detailed information about these output files is given in the following sections:

Data File 09:

It includes the input information, pitch radii of gears, and position errors.
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Data File 50:

It contains transmission errors of one meshing cycle for upper contadi$atfig. 3). They are obtained by
TCA. The format is as follows:

@, (degree) Aqozl (arcsec)
@, (degree) Aqoz2 (arcsec)
@y (degree) Aq023 (arcsec)

.(blli (degree) AqoZI (arcsec)

Data File 60:

It contains transmission errors of one meshing cycle for lower contadvifitiig. 3). The format is the same
as that in data file 50.

Data File 61:

This is the lower contact pab(® (fig. 3) represented on the pinion tooth surface. Each line of the data file
represents coordinates, (y,, z;) of a contact point of the contact path. The coordinates are represented in pinion
coordinate syster8,. The applied unit is mm, and the forma8i22.14

Data File 62:

This is the lower contact pat(® (fig. 3) represented on the gear tooth surface. Each line of the data file repre-
sents coordinateg, y,, z,) of a contact point of the contact path. The coordinates are represented in gear coordi-
nate systens,. The applied unit is mm, and the formaBi22.14

Data File 51:

This is the upper contact path® (fig. 3) represented on the pinion tooth surface. Each line of the data file
represents coordinates, (y,, z;) of a contact point of the contact path. The coordinates are represented in pinion
coordinate syster8,. The applied unitis mm, and the forma8i22.14

Data File 52:

This is the upper contact path? (fig. 3) represented on the gear tooth surface. Each line of the data file repre-
sents coordinateg, y,, z,) of a contact point of the contact path. The coordinates are represented in gear coordi-
nate systens,. The applied unit is mm, and the formaBi22.14

7.3 Program 3: Design of Grinding Disk
7.3.1 Name of the Program

The developed program’s name, DISKUIC.FORTRAN, is formed by seven characters. The first four characters,
DISK, mean that the program is used to design a grinding DISK. The following three characters, UIC, mean that
program is developed at the University of lllinois at Chicago. The program name is easy to remember before the
start of computations.

The extension name of the program is FORTRAN. That means that the program is written in standard FOR-
TRANTY7 language.
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7.3.2 Function of the Program

This program is developed to design a grinding disk for internal or external gear of double circular-arc teeth that
is the same as that generated by a rack-cutter. The program includes (1) generation of helical pinion and gear of
double circular-arc teeth by rack-cutters, respectively, and (2) design of grinding disk based on gear (pinion) tooth

surface. The equations in the program have been represented in Section 4.

7.3.3 Input Data File 91

Before running the program, you should prepare the following data in data file 91:

Helix angle [ (degree)
Diameteral pitch P4 (1/in.)
Number of gear (pinion) teeth N
Pressure angle a (degree)

and profile parameters of a rack-cutter in normal section (figh25¥*, p;, o, andAe*. Herep,
piym).

7.3.4 Running the Program
The command for running a program in CMS system is as follows:
fortvclg DISKUIC <Enter>
When you run the program, the following information will appear on the screen:
#* \WELCOME TO USE DISKUIC ***
PITCH RADIUS OF GEAR= 137.84875 (MM)

PLEASE CHOOSE PITCH RADIUS OF GRINDING DISK? (UNIT:MM)

?
Please key in the value and pr&stger:
18 <Enter>
Then you will see the following information on the screen:
sexrmirink D EASE CHOOSE: *tkihitickioik
FOR INTERNAL GEAR, PRESS 1 AND <Enter>.

FOR EXTERNAL GEAR, PRESS 2 AND <Enter>.

kkkkkkkkkkkkkkkkhkkkkkhhkkkhhkkkkkkkkkhkkkk
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If you want to get the grinding disk for internal gear, please fdrasslEnter:
1 <Enter>
PROGRAM FINISHED!

7.3.5 Output Data Files

When you finish running the program, DISKUIC, you have completed the design of the grinding disk. All infor-
mation regarding the output data is listed in several data files. You can open these files and look through them. De-
tailed information about these output files is given in the following sections:
Data File 09:

It includes the input information and pitch radii of gear and disk.

Data File 52 (or 62)

Data file 52 contains axial profile of grinding disk for external gear, and data file 62 contains axial profile of
grinding disk for internal gear. The format is as follows (fig. 15):

2 (mm) oy (mm)
Zp(mm) o (mm)
Zg(mm)  pg (mm)
Z,(mm)  p (mm)

7.4 Program 4: Design of Grinding Worm
7.4.1 Name of the Program

The developed program’s name, WORMUIC.FORTRAN, is formed by seven characters. The first four charac-
ters, WORM, mean that the program is to design a grinding WORM. The following three characters, UIC, mean that
program is developed at the University of lllinois at Chicago. The program name is easy to remember before the
start of computations.

The extension name of the program is FORTRAN. It means that the program is written in standard
FORTRANT77 language.

7.4.2 Function of the Program
This program is developed to design a grinding worm that generates the modified pinion tooth surface. The
program includes (1) thread surface of grinding worm which is generated by rack-cutter P and (2) generation of the
modified helical pinion of double circular-arc tooth by the worm. The equations in the program have been repre-
sented in Section 6.
7.4.3 Input Data File 90
Before running the program, you should prepare the following data in data file 90:
Helix angle B (degree)
Diameteral pitch Py (1/in.)
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Number of gear teeth N

Number of pinion teeth Ng

Pressure angle a (degree)
Error of crossing angle Ay, (degree)
Error of center distance AC (in.)
Error of intersection angle Ay, (degree)
Error of gear leader angle AAg (degree)

Coefficient of parabolic parameter a

and profile parameters of a rack-cutter in normal section (figh25¥*, p3, pf*, andAe*. Herep, = pz/ P4 (or
pym).

7.4.4 Running the Program
The command for running a program in CMS system is as follows:
fortvelg WORMUIC <Enter>
When you run the program, the following information will appear on the screen:
** WELCOME TO USE WORMUIC ***
END OF WORM DESIGN!
PROGRAM FINISHED!
7.4.5 Output Data Files

When you finish running the program, WORMUIC, you have completed the design of grinding worm. All
information about the output data is listed in several data files. You can open these files and look through them.
Detailed information about these output files is expressed in the following sections:

Data File 09:
It includes the input information, pitch radii of pinion and worm, and lead angle of worm.
Data File 42:

Data file 42 contains 21 cross section of worm thread in one circle. There are 100 points for each cross section.
Each line of the data file represents three coordingjgy,(, z,) of one point and are in worm coordinate system
Sy The format of data i8F15.8 and the applied unit is mm.

References

. Wildhaber, E.: Helical Gearing U.S. Patent No. 1,601,750, Oct. 5, 1926.

. Novikov, M.L.: Helical Gearing. USSR Patent No. 109,750, 1956.

. Litvin, F.L.: Theory of Gearing. First ed. (1960), Second ed. (1968), Nauka (in Russian).

. Litvin, F.L.: Theory of Gearing. NASA RP-1212 (AVSCOM TR-88-C-035), 1989.

. Litvin, F.L.: Gear Geometry and Applied Theory. Prentice-Hall, Inc., 1994.

. Litvin, F.L.; and Lu, J.: Computerized Simulation of Generation, Meshing and Contact of Double Circular-Arc Helical Gharaahitzal

and Computer Modelling, vol. 18, no. 5, June 1993, pp. 31-47.

7. Litvin, F.L.; and Lu, J.: Computerized Design and Generation of Double Circular-Arc Helical Gears With Low Transmisso&mer
puter Methods in Applied Mechanics and Engineering, vol. 127, no. 1-4, 1995,
pp. 57-86.

8. Lu, J.; Litvin, F.L.; and Chen, J.S.: Load Share and Finite Element Stress Analysis for Double Circular-Arc Helical Gearmtidal and

Computer Modelling, vol. 21, no. 10, 1995, pp. 13-30.

NASA CR-4771 53

OO WNPRE



REPORT DOCUMENTATION PAGE

Form Approved
OMB No. 0704-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this
collection of information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson

Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503.

1. AGENCY USE ONLY (Leave blank)

2. REPORT DATE

July 1997

3. REPORT TYPE AND DATES COVERED
Final Contractor Report

4. TITLE AND SUBTITLE

New Methods for Improved Double Circular-Arc Helical Gears

6. AUTHOR(S)

Faydor L. Litvin and Jian Lu

5. FUNDING NUMBERS

WuU-581-30-13
1L161102AH45

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)

University of lllinois at Chicago
Chicago, lllinois 60680

8. PERFORMING ORGANIZATION
REPORT NUMBER

E-10701

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES)

U.S. Army Research Laboratory
Cleveland, Ohio 44135-3191
and

NASA Lewis Research Center
Cleveland, Ohio 44135-3191

10. SPONSORING/MONITORING
AGENCY REPORT NUMBER

NASA CR—4771
ARL-CR-339

11. SUPPLEMENTARY NOTES

Project Manager, Dennis P. Townsend, Structures and Acoustics Division, NASA Lewis Research Center, organ

code 5950, (216) 433—-3955.

ization

12a. DISTRIBUTION/AVAILABILITY STATEMENT

Unclassified - Unlimited
Subject Category 37

This publication is available from the NASA Center for AeroSpace Information, (301) 621}-0390.

12b. DISTRIBUTION CODE

13. ABSTRACT (Maximum 200 words)

The authors have extended the application of double circular-arc helical gears for internal gear drives.

The

geometry of the pinion and gear tooth surfaces has been determined. The influence of errors of alignnpent

on the transmission errors and the shift of the bearing contact have been investigated. Application of g
predesigned parabolic function for the reduction of transmission errors was proposed. Methods of grin

of the pinion-gear tooth surfaces by a disk-shaped tool and a grinding worm were proposed.

ding

14. SUBJECT TERMS

Gear; Geometry; Low noise; Double circular arc; Helical; Computerized; Simulation

15. NUMBER OF PAGES
58

16. PRICE CODE
A04

17. SECURITY CLASSIFICATION
OF REPORT

Unclassified

18. SECURITY CLASSIFICATION
OF THIS PAGE

Unclassified

19. SECURITY CLASSIFICATION
OF ABSTRACT

20. LIMITATION OF ABSTRACT

NSN 7540-01-280-5500

Standard Form 298 (Rev. 2-89)

Prescribed by ANSI Std. Z39-18
298-102



	E-10701 LCR pp iii-iv.pdf
	Contents
	
	2.1 Generation of External Gears 
	    2.1.3 Equation of Meshing Between Rack-Cutter and Gear Surfaces 
	2.2 Geometry of External Gears 
	  2.3 Generation of Internal Gears 
	2.4 Geometry of Internal Gears 
	
	  3.1 Computerized Simulation of Meshing and Contact 
	  3.2 Numerical Examples 
	  3.2. Example 3 
	
	  4.1 Computerized Design of the Grinding Disks 
	4.2 Generation of Gear (Pinion) Tooth Surface Si by Grinding Disk St 
	Chapter 5  
	  5.1 Basic Principle 
	  5.2 Equation of Meshing 
	  5.3 Modified Pinion Tooth Surface 
	  5.4 Simulation of Meshing 
	
	  6.1 Introduction 
	  6.2 Determination of Worm Thread Surface Sw Generated by Rack-Cutter Surface SP 
	  6.3 Generation of Pinion Tooth Surface by Worm 
	Chapter 7  
	7.1 Program 1: Design of External Gear Drive 
	    7.1.2 Function of the Program 
	    7.1.4 Running the Program 
	    7.1.5 Output Data Files 
	  7.2 Program 2: Design of Internal Gear Drive 
	    7.2.4 Running the Program 
	    7.2.5 Output Data Files 
	  7.3 Program 3: Design of Grinding Disk 
	    7.3.1 Name of the Program 
	    7.3.3 Input Data File 91 
	    7.3.4 Running the Program 
	  7.4 Program 4: Design of Grinding Worm 
	    7.4.4 Running the Program 
	References  



